Thermal treatment can significantly improve the dimensional stability of wood, but it will decrease the bonding strength. In this work, the bonding strength of thermo-treated cherry wood boards was improved by plasma treatment. The change of wettability, surface morphology, and surface chemical property of cherry wood before and after plasma treatment was investigated by water contact angle measurement, Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), and X-ray photoelectron spectroscopy (XPS). The plasma treatment significantly improved the wettability of thermo-treated cherry wood by decreasing its water contact angle from 109.95 • to 53.18 • . N 2 or O 2 was used as the plasma atmosphere, and it was found that N 2 plasma treatment afforded cherry wood a rougher surface. The AFM roughness of cherry wood was increased from 19 nm to 31.9 nm after N 2 plasma treatment. XPS results revealed an additional C-N group for N 2 plasma treatment and the content of C=O, O-C-O, and O-C=O increased for O 2 plasma treatment, respectively, indicating that the surface chemical property of cherry wood was modified. Due to the surface character, the bonding strength increased by 21.17% for N 2 plasma treatment and 15.32% for O 2 plasma treatment.
Plasma treatment is considered to be a promising technology for rapidly modifying the surface of materials due to its solvent-free, well-controlled, and short processing cycle [13, 14] . Cold plasma treatments can cause physical and chemical changes to depths of several microns, without changing the volume. In recent years, plasma modification technology has been applied to the surface modification of wood and wood-based materials in order to enhance the surface properties of the wood component and mechanical strength of the wood-based materials [15] [16] [17] . Plasma treatment can result in the formation of free radicals and active sites in the poplar wood surface [18] .
In this paper, the cherry wood employed for cabinets is selected as a raw material. This wood was thermo-treated at 160 • C for 3 h. Then, the effect of plasma treatment with different gas atmospheres on wood surface properties was tested. The thermal treatment temperature was 160 • C, which falls in the lower range of commonly used treatment temperatures, while the treatment time was short and the strength loss of wood was small. However, this not only improved the dimensional stability of the wood, but also improved the adhesion of the Poly (vinyl acetate) film. In this study, the wettability, surface morphology, and surface chemical properties of cherry wood before and after plasma treatment were analyzed and discussed to some extent. Thereby, this research can provide a good reference for wood in the field of plasma modification. Furthermore, this research has great potential to be applied to all wood products.
Materials and Methods

Materials
Cherry wood, Prunus serotina, Ehrh., with dimensions of 210 × 25 × 10 mm 3 , was obtained from Xiamen Golden Kitchen Cabinet Co., Ltd. (Xiamen, China). Cherry wood was thermo-treated at 160 • C for 3 h, making sure that there was enough water in this process. Cherry wood used for surface wettability was first thermo-treated, and then cut into 100 × 18 × 10 mm 3 pieces. However, cherry wood used for the bonding strength test was cut into 30 × 25 × 5 mm 3 pieces (according to GB/T 17517-1998 [19] ) and this wood included thermo-treated and non-thermo-treated samples.
Wettability
The contact angle of the treated specimens was determined using a contact angle meter (HARKE-SPCA-1, Beijing, China), in order to evaluate the wettability of the specimen surfaces. Four points were measured for each group and the average value was then calculated. The static sessile drop method used distilled water as test liquid and a drop size of 3 µL. The test interval time was selected for 1 h, 3 h, 6 h, 9 h, 12 h, 1 d, 2 d, 3 d, 4 d, 5 d, 6 d, 7 d, and 8 d to record the time. Additionally, the gases used as plasma atmosphere were nitrogen and oxygen (Fuzhou Huaxinda Industrial Gas Co., Ltd., Fuzhou, China), and their purity was 99.99%. The plasma treatment device was the OSKUN-PR60L Plasma processor (Shenzhen OKSUN technology Co., Ltd. Shenzhen, China). The plasma treatment power was 100 W, the treatment time was 30 s, and the gas pressure was 40 Pa.
Surface Morphology
The surface morphologies of plasma-treated and untreated wood were tested using scanning electron microscopy (SEM Z500, ZEISS, Oberkochen, Germany) and atomic force microscopy (AFM). Before the scanning process, the specimen surfaces were gold-coated to enhance the electron conductivity. The plasma treatment parameters were set as 100 W, 30 s, and 40 Pa.
X-ray Photoelectron Spectroscopy (XPS)
Surface characterization of wood was performed with ESCALAB 250 (Thermo Fisher Scientific, Waltham, MA, USA). Spectra were recorded using a monochromatic Al Kα radiation source. X-ray photoelectron spectroscopy (XPS,) survey spectra were collected in constant analyzer energy (CAE) mode with a pass energy of 150 eV for elemental quantification purposes and the spot size was 400 µm.
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Bonding Strength
The bonding strength was determined by a CMT-6104 microcomputer-controlled electronic universal testing machine (Shenzhen new thought measurement technology Co., Ltd., Shenzhen, China), according to GB/T 17517-1998 (Adhesives-Wood to wood adhesive bonds-Determination of shear strength by compression loading) [19] . The Poly (vinyl acetate) adhesive was applied on the longitudinal tangential surface with approximately 150 g/m 2 after the 6 h plasma treatment. The pressure was set as 2 MPa and lasted for 14 h. The specimens were tested after the pressure was removed for at least 24 h. The bonding strength test included 30 specimens. Five specimens were tested for every group and the average value was then calculated. Furthermore, the test temperature was room temperature.
Results and Discussion
Wettability of Cherry Wood
Wettability is very important for the spreading of adhesive on a wood surface, which can be represented by the water contact angle. Figure 1 reveals the change in water contact angle of cherry wood as a function of test time after being treated by plasma. The data results were processed by SPSS 22.0 statistical software. Significant differences were investigated by ANOVA and an least-significant difference (LSD) test as a post-hoc test, and the significance was set at p < 0.05. In particular, the difference in wettability between non-treated and nitrogen-plasma treated wood after 1 h was investigated (p = 0.000). As can be seen from Figure 1 , the water contact angle without plasma treatment was 109.95 • . After 1 h of nitrogen plasma treatment, the contact angle was reduced to 23.4 • , which was 78.72% lower than that of the untreated sample. At the same time, the contact angle of oxygen plasma treatment was 64.66 • and it decreased by 41.19%. Obviously, the water contact angle after nitrogen plasma treatment exhibited a greater difference. The contact angle of untreated wood represented the contact angle of wood without plasma treatment. After 4 d, it made a clear difference, and even after 8 d, the water contact angle of nitrogen plasma treatment was 53.18 • and still decreased by 51.63%, but the water contact angle of oxygen plasma treatment was 101.35 and only decreased by 7.82%. This shows that the water contact angle treated with nitrogen plasma is still better than that treated with oxygen after 8 d. At the same time, the contact angle of the cherry wood increased with time, indicating that the effect of plasma treatment gradually fades away. All the specimens displayed a lower contact angle after plasma treatment within one day, which explained why plasma treatment had a significant effect on the wetting properties of thermo-treated wood specimens.
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Wettability is very important for the spreading of adhesive on a wood surface, which can be represented by the water contact angle. Figure 1 reveals the change in water contact angle of cherry wood as a function of test time after being treated by plasma. The data results were processed by SPSS 22.0 statistical software. Significant differences were investigated by ANOVA and an least-significant difference (LSD) test as a post-hoc test, and the significance was set at p < 0.05. In particular, the difference in wettability between non-treated and nitrogen-plasma treated wood after 1 h was investigated (p = 0.000). As can be seen from Figure 1 , the water contact angle without plasma treatment was 109.95°. After 1 h of nitrogen plasma treatment, the contact angle was reduced to 23.4°, which was 78.72% lower than that of the untreated sample. At the same time, the contact angle of oxygen plasma treatment was 64.66° and it decreased by 41.19%. Obviously, the water contact angle after nitrogen plasma treatment exhibited a greater difference. The contact angle of untreated wood represented the contact angle of wood without plasma treatment. After 4 d, it made a clear difference, and even after 8 d, the water contact angle of nitrogen plasma treatment was 53.18° and still decreased by 51.63%, but the water contact angle of oxygen plasma treatment was 101.35 and only decreased by 7.82%. This shows that the water contact angle treated with nitrogen plasma is still better than that treated with oxygen after 8 d. At the same time, the contact angle of the cherry wood increased with time, indicating that the effect of plasma treatment gradually fades away. All the specimens displayed a lower contact angle after plasma treatment within one day, which explained why plasma treatment had a significant effect on the wetting properties of thermo-treated wood specimens. The contact angle of wood specimens treated by nitrogen was lower than that treated by oxygen, which was different from the results presented in a previous study [20] . Oxygen plasma The contact angle of wood specimens treated by nitrogen was lower than that treated by oxygen, which was different from the results presented in a previous study [20] . Oxygen plasma has been previously used to improve the surface properties of wood. Oxygen plasma-treated wood specimens have been reported to exhibit higher surface polarity due to the formation of hydroxyl, carboxyl, aldehyde, and other polar functional groups [21] [22] [23] [24] . Contact angles on such complex materials such as wood show dependencies on various parameters and include quite diverse effects. One major factor determining the wetting behavior and contact angles are the morphology and surface structures. Our findings demonstrated that the morphology roughness is greatly improved and the polarity is also increased due to changes in chemical groups after oxygen and nitrogen plasma treatments. Therefore, such treatment also has an important effect on the water contact angles. These groups were hydrophilic, so they were useful for improving the wetting property. However, the lower contact angle treated by nitrogen than by oxygen in this study may have resulted from the groups containing nitrogen atoms, which contributed more to the reduction of the contact angle. It is suggested that enhanced wettability through plasma treatment is due to the polar part of the surface free energy. The high effectiveness of plasma treatment on thermo-treated wood might thus be explained by its relatively high proportion of lignin. The changes in the contact angle due to the plasma treatment are more pronounced on thermo-treated wood [23] .
Change in the Chemical Property
The chemical surface composition was also evaluated by X-ray photoelectron spectroscopy. The effects initiated by plasma treatment could be experimentally verified by XPS analysis.
XPS was used to reveal the surface changes in chemical elements and functional groups after plasma treatment. Figure 2 is an XPS full spectrum of untreated, nitrogen plasma-treated, and oxygen plasma-treated wood. Figure 3 presents a general survey of the surface chemical compositions of plasma-treated wood.
Coatings 2019, 9, has been previously used to improve the surface properties of wood. Oxygen plasma-treated wood specimens have been reported to exhibit higher surface polarity due to the formation of hydroxyl, carboxyl, aldehyde, and other polar functional groups [21] [22] [23] [24] . Contact angles on such complex materials such as wood show dependencies on various parameters and include quite diverse effects. One major factor determining the wetting behavior and contact angles are the morphology and surface structures. Our findings demonstrated that the morphology roughness is greatly improved and the polarity is also increased due to changes in chemical groups after oxygen and nitrogen plasma treatments. Therefore, such treatment also has an important effect on the water contact angles. These groups were hydrophilic, so they were useful for improving the wetting property. However, the lower contact angle treated by nitrogen than by oxygen in this study may have resulted from the groups containing nitrogen atoms, which contributed more to the reduction of the contact angle. It is suggested that enhanced wettability through plasma treatment is due to the polar part of the surface free energy. The high effectiveness of plasma treatment on thermo-treated wood might thus be explained by its relatively high proportion of lignin. The changes in the contact angle due to the plasma treatment are more pronounced on thermo-treated wood [23] .
The C1 peak represents C-C and C-H bonds, which mainly exist in lignin and extractives; the C2 peak is assigned to C-O, which is mainly found in hydroxyl and other groups of lignin and polysaccharides; the C3 peak corresponds to O-C-O or C=O, which is found in cellulose, hemicelluloses and lignin; and the C4 peak is assigned to O=C-O, and is present in hemicelluloses [25] . The nitrogen element content and oxygen element content were both increased after plasma treatment, which was closely related to the decline of the C1 peak content ( Table 1 and Table S1 ). For nitrogen plasma treatment, there was a new peak, C5. The appearance of the C5 peak improved the content of C-N, which was 12.75%. After nitrogen plasma treatment, the N concentration increased from 1.8% to 3.27%. This increase can enhance the wettability of a wood surface. For cherry wood, it increased a little, which was the opposite result. This observation could be explained by its internal structure, because the effects of different wood species were different.
Plasma treatment can lead to the generation of free radicals, and it can react with active sites on the surface of treated specimens, thus resulting in the stable incorporation of oxygen-containing groups [26] . Free radicals created by low-pressure gas plasma may have four major effects on surfaces. Each is always present to some degree; however, one effect may be favored over another, depending on the substrate chemistry, reactor design, gas chemistry, and processing conditions. The effects are the cleaning of organic contamination from the surfaces, material removal by ablation (micro-etching) to increase the surface area or to remove a weak boundary layer, crosslinking or branching to cohesively strengthen the surface, and surface chemistry to improve chemical physical interactions at the bonding interphase [27] .
Surface Morphology
Evidently, after plasma treatment, especially after nitrogen plasma treatment, many small holes appeared on the surface and became rough, but the surface of the untreated wood specimen had a few small holes (Figure 4a ). After plasma treatment, the holes were bigger. This may have been caused by plasma, because plasma can make the surface rougher ( Figure 4b ). The nitrogen plasma-treated cherry wood specimens had more grooves and tiny grains than the oxygen plasma-treated samples due to the higher etching tendency of the nitrogen plasma. It may be revealed by the observation that the nitrogen plasma was more invasive than the oxygen plasma, and this result is in accordance with the XPS result.
In Figure 5 , atomic force microscopic (AFM) images of untreated and plasma-treated specimens revealed differences in the surface topography, demonstrating the same result as that obtained with SEM. AFM images of the untreated cherry wood surface seem to exhibit particles, The C1 peak represents C-C and C-H bonds, which mainly exist in lignin and extractives; the C2 peak is assigned to C-O, which is mainly found in hydroxyl and other groups of lignin and polysaccharides; the C3 peak corresponds to O-C-O or C=O, which is found in cellulose, hemicelluloses and lignin; and the C4 peak is assigned to O=C-O, and is present in hemicelluloses [25] .
The nitrogen element content and oxygen element content were both increased after plasma treatment, which was closely related to the decline of the C1 peak content ( Table 1 and Table S1 ). For nitrogen plasma treatment, there was a new peak, C5. The appearance of the C5 peak improved the content of C-N, which was 12.75%. After nitrogen plasma treatment, the N concentration increased from 1.8% to 3.27%. This increase can enhance the wettability of a wood surface. For cherry wood, it increased a little, which was the opposite result. This observation could be explained by its internal structure, because the effects of different wood species were different.
Evidently, after plasma treatment, especially after nitrogen plasma treatment, many small holes appeared on the surface and became rough, but the surface of the untreated wood specimen had a few small holes (Figure 4a ). After plasma treatment, the holes were bigger. This may have been caused by plasma, because plasma can make the surface rougher (Figure 4b) . The nitrogen plasma-treated cherry wood specimens had more grooves and tiny grains than the oxygen plasma-treated samples due to the higher etching tendency of the nitrogen plasma. It may be revealed by the observation that the Coatings 2019, 9, 656 6 of 9 nitrogen plasma was more invasive than the oxygen plasma, and this result is in accordance with the XPS result. In Figure 5 , atomic force microscopic (AFM) images of untreated and plasma-treated specimens revealed differences in the surface topography, demonstrating the same result as that obtained with SEM. AFM images of the untreated cherry wood surface seem to exhibit particles, which can be assigned to amorphous hemicelluloses and extractives in the wood surface. The surface roughness increased after the plasma treatment, which is reflected in the figure of Rq (root mean square deviation). Additionally, evidently, the surface treated by nitrogen plasma looks rougher in the images, which may be associated with the second cell wall. The second cell wall is etched or degraded, leading to the exposure of the S2 layer [28] . The rougher surface is beneficial for bonding, because it can provide better interface bonding between the wood surface and the adhesive. Figure 6 shows the influence of plasma treatment on the bonding of thermo-treated and non-thermo-treated wood. We selected 30 specimens to test the bonding strength; five specimens were tested for every group and we then took the average value. In the experiment, the wood breakdown rate of the specimens was relatively low, and most of the bonding surface of the specimens did not appear to display a fracture phenomenon. Almost all of them were affected by the bonding strength, so the issue of fiber release was not considered. In the absence of plasma treatment, the bonding strength of thermo-treated wood was 5.81 MPa, while the non-thermo-treated had a bonding strength of 6.34 MPa and decreased by 6.36%. This may be related to extractives in the wood. Extractives are common and important sources of surface contamination which are harmful to wood adhesion [29] . Bonding is adversely affected by the degree of wood surface contamination. The deposition of extractives on the surface may reduce the adhesive bond strength in many ways. A high extractives concentration on the surface increases the possibility of contaminating and reducing the cohesive strength of the adhesive. Extractives may block reaction sites on wood surfaces and prevent adequate wetting by the adhesive [16] . Wood surface characteristics, e.g., wettability and bonding ability, benefit from the degradation and In Figure 5 , atomic force microscopic (AFM) images of untreated and plasma-treated specimens revealed differences in the surface topography, demonstrating the same result as that obtained with SEM. AFM images of the untreated cherry wood surface seem to exhibit particles, which can be assigned to amorphous hemicelluloses and extractives in the wood surface. The surface roughness increased after the plasma treatment, which is reflected in the figure of Rq (root mean square deviation). Additionally, evidently, the surface treated by nitrogen plasma looks rougher in the images, which may be associated with the second cell wall. The second cell wall is etched or degraded, leading to the exposure of the S2 layer [28] . The rougher surface is beneficial for bonding, because it can provide better interface bonding between the wood surface and the adhesive. which can be assigned to amorphous hemicelluloses and extractives in the wood surface. The surface roughness increased after the plasma treatment, which is reflected in the figure of Rq (root mean square deviation). Additionally, evidently, the surface treated by nitrogen plasma looks rougher in the images, which may be associated with the second cell wall. The second cell wall is etched or degraded, leading to the exposure of the S2 layer [28] . The rougher surface is beneficial for bonding, because it can provide better interface bonding between the wood surface and the adhesive. Figure 6 shows the influence of plasma treatment on the bonding of thermo-treated and non-thermo-treated wood. We selected 30 specimens to test the bonding strength; five specimens were tested for every group and we then took the average value. In the experiment, the wood breakdown rate of the specimens was relatively low, and most of the bonding surface of the specimens did not appear to display a fracture phenomenon. Almost all of them were affected by the bonding strength, so the issue of fiber release was not considered. In the absence of plasma treatment, the bonding strength of thermo-treated wood was 5.81 MPa, while the non-thermo-treated had a bonding strength of 6.34 MPa and decreased by 6.36%. This may be related to extractives in the wood. Extractives are common and important sources of surface contamination which are harmful to wood adhesion [29] . Bonding is adversely affected by the degree of wood surface contamination. The deposition of extractives on the surface may reduce the adhesive bond strength in many ways. A high extractives concentration on the surface increases the possibility of contaminating and reducing the cohesive strength of the adhesive. Extractives may block reaction sites on wood surfaces and prevent adequate wetting by the adhesive [16] . Wood surface characteristics, e.g., wettability and bonding ability, benefit from the degradation and Figure 6 shows the influence of plasma treatment on the bonding of thermo-treated and non-thermo-treated wood. We selected 30 specimens to test the bonding strength; five specimens were tested for every group and we then took the average value. In the experiment, the wood breakdown rate of the specimens was relatively low, and most of the bonding surface of the specimens did not appear to display a fracture phenomenon. Almost all of them were affected by the bonding strength, so the issue of fiber release was not considered. In the absence of plasma treatment, the bonding strength of thermo-treated wood was 5.81 MPa, while the non-thermo-treated had a bonding strength of 6.34 MPa and decreased by 6.36%. This may be related to extractives in the wood. Extractives are common and important sources of surface contamination which are harmful to wood adhesion [29] . Bonding is adversely affected by the degree of wood surface contamination. The deposition of extractives on the surface may reduce the adhesive bond strength in many ways. A high extractives concentration on the surface increases the possibility of contaminating and reducing the cohesive strength of the adhesive. Extractives may block reaction sites on wood surfaces and prevent adequate wetting by the adhesive [16] . Wood surface characteristics, e.g., wettability and bonding ability, benefit from the degradation and removal of extractives by removing the weak boundary layer and revealing wood's main components [30] . Thermal treatment can lead to a significant decrease of the O/C ratio, and this results from hemicellulose degradation. At the same time, the amount of hydrophilic hydroxyl reduces after thermal treatment. Furthermore, the binding ability is weakened and the binding property is decreased. As is well-known, the hydrophilic hydroxyl is essential for the bonding strength [12] .
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. The bonding increased to different extents with oxygen plasma treatment in comparison with the control specimens. For the non-thermo-treated specimens, the bonding strength after nitrogen plasma treatment and without nitrogen plasma treatment was 6.34 MPa and 6.13 MPa, respectively. There was not much difference in their bonding strength. After thermal treatment, the bonding strength of specimens without nitrogen plasma treatment was 5.81 MPa, while that for specimens treated with nitrogen enhanced to 7.17 MPa, which was 23.41% higher than that without nitrogen treatment. For the non-thermo-treated specimens, the bonding strength after oxygen plasma treatment was increased by 11.04% compared with that without treatment, and the bonding after thermal treatment was increased by 13.28%. For the thermo-treated specimens, a significant difference of oxygen plasma treatment was not obvious, while differences were investigated by ANOVA and an LSD test as a post-hoc test, and the significance of nitrogen plasma treatment was set at p < 0.05. This indicated that there was a significant difference between nitrogen plasma treatment and non-treatment. Peculiarly, the bonding strength after thermal treatment was significantly increased (p < 0.05) compared with that for non-thermal treatment for the nitrogen plasma-treated specimens. It can be seen that nitrogen treatment can achieve better results. Some wood species had an increased adhesion property after plasma treatment, which was the result of the improved adhesive bonding quality [31] . This may also be associated with the functional groups introduced to the surface. After oxygen plasma treatment, the O/C was higher and there were more oxygen-containing groups in the surface, which was helpful for the adhesive to improve the bonding property.
Conclusions
1. The contact angle of thermo-treated cherry wood significantly decreased after plasma treatment, and the result of nitrogen plasma was better than that of oxygen, indicating that nitrogen The bonding increased to different extents with oxygen plasma treatment in comparison with the control specimens. For the non-thermo-treated specimens, the bonding strength after nitrogen plasma treatment and without nitrogen plasma treatment was 6.34 MPa and 6.13 MPa, respectively. There was not much difference in their bonding strength. After thermal treatment, the bonding strength of specimens without nitrogen plasma treatment was 5.81 MPa, while that for specimens treated with nitrogen enhanced to 7.17 MPa, which was 23.41% higher than that without nitrogen treatment. For the non-thermo-treated specimens, the bonding strength after oxygen plasma treatment was increased by 11.04% compared with that without treatment, and the bonding after thermal treatment was increased by 13.28%. For the thermo-treated specimens, a significant difference of oxygen plasma treatment was not obvious, while differences were investigated by ANOVA and an LSD test as a post-hoc test, and the significance of nitrogen plasma treatment was set at p < 0.05. This indicated that there was a significant difference between nitrogen plasma treatment and non-treatment. Peculiarly, the bonding strength after thermal treatment was significantly increased (p < 0.05) compared with that for non-thermal treatment for the nitrogen plasma-treated specimens. It can be seen that nitrogen treatment can achieve better results. Some wood species had an increased adhesion property after plasma treatment, which was the result of the improved adhesive bonding quality [31] . This may also be associated with the functional groups introduced to the surface. After oxygen plasma treatment, the O/C was higher and there were more oxygen-containing groups in the surface, which was helpful for the adhesive to improve the bonding property.
1.
The contact angle of thermo-treated cherry wood significantly decreased after plasma treatment, and the result of nitrogen plasma was better than that of oxygen, indicating that nitrogen plasma treatment is more helpful for improving the wettability of wood surfaces.
2.
The morphological characteristics of wood are associated with the type of gas, but when they are plasma treated, all the wood surfaces are rougher than before treatment, explaining that plasma can etch the surface of wood and is beneficial for enhancing the bonding property.
3.
The XPS showed that plasma treatment can introduce functional groups, leading to an enhancement of the wettability and bonding property, especially the oxidization on the surface. Besides, nitrogen plasma treatment can introduce C-N and make important contributions.
4.
The thermo-treated cherry wood, when plasma treated, resulted in an increased bonding strength, which shows that plasma treatment can enhance the bonding of thermo-treated wood.
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